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Abstract of JP 2002018585 (A) 

PROBLEM TO BE SOLVED: To provide a method of 

a laser beam machining, by which plural holes are 

drilled at a pitch smaller than the wave length of the / ^ v ' \ 

laser beam. SOLUTION: Plural holes to be drilled on >^ ^ r ^ ^ \ \ 

a material are divided into two groups. The pitch of < ' 

the holes of the first group is set beyond a hardening / ^ 

zone accompanying the laser beam machining. The \ — / "T" ™ 

pitch of those of the second group is set in a region 

which does not deviate from the hardened zone ; — ....... ... t ......__ 

around the holes of the first group. The holes of the - 1 

first group are drilled by using a laser beam which is | T ■ f ^ 

set at a specified energy level or pulse numbers, ' — 1 

then the energy intensity of the laser beam is 
enhanced up to an energy level higher than the 
threshold value of the ablation of the hardened 
material, and the holes of the second group are 
drilled. 
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1. Title of Invention 

METHOD AND APPARATUS FOB DUELLING HOLES WITH SwB-Wa VELHNGTH PTTCH 

with Laser 

2. Claims 

1. A method to drill a plurality of holes in a material using an nhra- 
fast pulsed laser beam, ccmprisiag the steps o£ 

a) setting m pulse energy of the laser beam to a first predctammed level, 
selected to provide an intensity greater that an ablation threshold of the materia] within a 
hole-drilling portion of the laser beam; 

b) positioning the material to focus the last! beam on one ofa plurality of 
first positions on a surface of the material; 

*•) *PP'y* n 8 * number of pulses of die laser beam to ablate the surface, 
thereby forming one of the plurality of holes in the surface; 

a} repeating stqjsb) and c)unnMafl^ 
surface have one of the plurality of holes; 

e) setting the pulse energy of the laser beam to a second predetermined 
level, selected to provide an intensity greater that a laser hardened ablation threshold of 
the material within foe hole-druling portion of the laser beam; 

f) positioning the material to ftcus the laser beam on one ofa least one 
second position on the surface, wherein foe one second position is between two adjacent 
ones of the plurality of first positions; and 

g) applying a nnmber of pulses of foe laser beam to ablate foe surface, 
thereby forming one of the plurality of holes in foe surface. 

2. A method according to rfarm 1 wherein the at least one second 
position includes a plurality of second positions, each of the plurality of second 
positions being between two adjaccm ones cf the plurality of Sm positions, the method 
Dut her comprising the steps o£ 
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h) repeating steps f) and g) onta all of the plurality of second position on 
the surface have one of the plurality of holes; 

i) setting the pulse energy of the laser beam to a third predetermined level, 
glc^to than the second prrrtrtrrminrd level; 

j) positioning the material to mens the laser beam on one ofat least one 
third position on the surface, wherein the one thWpcaition is between one of the 
plurality of first positions and an adjacent one of the plurality of second positions; and 

k) applying a number of pulses of the laser beam to ablate the surface, 
thereby forming one of the plurality of holes in the surface 

3. A method according to claim 1, further including the step of 
operating the laser such that the laser beam oscillates in the TEMo.O mode. 

4. A method according to claim 1, wherein the laser beam has a 
wavelength and the step of setting the pulse energy of the laser beam to rhe first 
predetermined level includes the step of setting the pulse energy of tho laser beam to 
define the hotcnlrillmg portion of the laser beam to have a rtbmrtr* 1^ fh m tfr» 
wavelength of the laser beam. 

5. A method according to claim 4, wheaxm the laser beam has a 
wavelength of 775 nanometers and the step of sctfingthe pulse energy of the laser beam 
defines the hde-drillmg portion ofthe beam to have a diameter of approximately 500 
DDL 

6. A rrtethod according to claim l.whcremlbc step of setting the 
pulse energy of the laser beam to the second predetermined level rncJodes the step of 
setting the second predetermined level of pulse energy to a level tint is greater than the 
first predetermined level of the pribo energy. 
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7. A method according to claim 1, wherein the step of setting the 
puis* energy of the User beam to the first predetermined level includes the step of 
setting the pulse energy to be between I nanojoak and 1 microjoule. 

L Apparatus for drilling a plurality of boles in a material, comprising: 



means, coupled to the oltn&st pulsed laser, for setting a pulse energy of 
the laser beam to a first predetermined lewd, sder^ to prtnode an mttns% greater ttat 
an ablation threshold of the material within a hole-drilling portion of the laser b eam ; 



to a first plurality of 



positions to focus the Urer beam at each of the 5nt plurality of positions on a surface of 
the material; 

means for applying a number of {arises of the laser beam to ablate the 
surface at cadi of the first plurality of positions to form a first portion of the plurality of 
holes in the surface; 




the laser beam on one of at least one second position on the surface, wherein ihe one 
second position Is between two adjacent ones of the first plurality ofposWons; and 



means foe applying a number of pulses ofthe laser beam at the second 
id level of beam energy to ablate the surfitce at the care second position. 



y forming one of the plurality of boles in 
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positions being between two adjacent ones of the plurality of first positions, the 
apparatus fisihcr comprising: 

means for setting die pulse energy of the laser beam to a third 
predeternuned level greater man the second predetenomed level; 

means for petitioning the material to focus ore laser beam on one of at 
least one third position on the surface, wherein the one third position is between one of 
the plurality of fiat positions and an adjacent one of the plurality of second positions; 



means for applying a number of pulses of the laser beam to ablttcthe 
surface of the material at the one third position, thereby framing one of the plurality of 



10. . Apparatus according to claim &, wherein me laser beam oscillates 
in the TEMq^ mode. 



11. 

wavelength and the energy level of me laser beam b set to define the bole-drilling 
portion of the laser beam to a diameter less tlian the wavelengm of me laser beam. 

12. Apparatus according to dami U, wherein me las« beam has a 
wavelength of 775 nanometers and the hole-drilling portion of the beam to have a 




14. Apparatus according to claim 8, whecem ore pulse energy of the 
laser beam is between I rutnojoule and 1 microjrjule. 



15. A photonic cryrtal comprising a substrate hivkig a plurality of 
holes formed by the method of damn 1. 



(15) ^2002-18585 
16. The photonic crystal of claim 15, wherein the substrate includes a 



17. Tliephote^ crystal of claim IS, wh^ 
multi-layered dielectric no 



18. The photonic crystal of claim 17, wherein fce multi-layered 
dielectric material iodndcs a silicon layer and a silicon dioxide layer. 

19. The phcteok: crystal of claim 15 wherra 

linear array of holes and the photonic crystal b a ooe^imensional photonic crystaL 

20. ^pbotonte crystal of clam] 5 whe^ 

matrix of linear holes and the photonic crystal is a tu^;™™^,,; phqtarie erptaL 

J 21 -* method of drilling a plurality ofhciea in a material using a W 
inachming apparatus including an ultra-fist pulsed laser and an output coupler through 



a. setting a pulse energy of the laser beam to a fin predetermined level; 

b. posmonmg the cutout coupler to focus the laser beam on one of a 




d. repeating steps b. and c to position the outr^cxwpte at respectively 
~ - a portion ofthe plurality ofhotes have been 



c. setting thepulse energy of the laser beam to a second nreddemined 

level: 
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£ positioning the output coupler to focus the laser beam on one of at least 
one second position on the surface, -wherein the one of the at least one second position b 
between two adjacent ones of the plurality of first positions; 

g. applyiag a number of pulses of the laser beam to ablate the surface, 
thereby framing one of the plurality of holes in the surface. 

22. A method to drill a plurality of holes in a material using an ultra- 
last poised laser beam, comprising the steps o£ 

a) letting a pulse energy of the laser beam to a ptcdctxnnmed level, 
selected m provide an natemity greater 

hole-drilling portion of the laser beam; 

b) positioning the material to focus to* laser beam on one of a plurality of 
firsr positions on a surface of the material; 

c) applying a first predctemrined number of pukes of the laser beam to 
ablate the surface, thereby fbxming one of the plurality of holes in the surface; 

d) repeating steps b) and e) until all of the plnndity of tn^positiomoanie 
surface have one of the plurality of holes; 

e) positioning fbe material to focus the laser beam on one of at least one 
se«3od position on the surface whera 

ones of the plurality of first positions; and 

f) applying a sccotrf predeter min ed m t mb e r ofpubes, greater than ttofint 
predetermined number, to ablate the surface, thereby forming one of the plurality of 
holes in tbc surface. 

23. A method according to claim 22 wherein the at least one second 
position includes a plurality of second positions, each of the plurality of second 
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positions being between two adjacent ones of the plurality of fint positions, the method 
farther comprising the steps o£ 

g) repeating steps e) and f) until all of the pluality of second position on 
the surfoce have one of the plurality ofholcs; 

h) positioning the material to focus the laser beam on one of at least one 
thiriposhxon on the surface, whereaatheono^pnshhnlsbfltweenoneoftbe 
plurality of fast positions and sn adjacent one of the plurality of second positions; ind 




Oiten 2 

wavelength and the step of setting (he poise energy of the laser beam to the 
pmlrfwrflfnod level inchidca the step of setting the pulse energy of the ta**r ^ 




defines the kilo-orilling portion of the beam to have a diamrtgr of a^wrr^^a^y y)p 



27. A method according to item 22. wherein tbc step of setting the 
pube energy of the beer beam to the ptwktonnined levd metafa the 
pulse energy to be between lnanojouleand I tnfcrojonle. 
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3. Detailed Description of Invention 



BACKGROUND OF THE INVENTION 

Many emerging material processing app&ationshithesi 

fields require sub-mkren processing capability. Anumheraf 

ttfast either have, or will soon have, this csgjaWlily.suchas; 
P™"* Aching, x-ray lit ho grap hy, and machining with nBafiat 
pulse lasers (laser machining). Of these tw*noIogies.only laser madrining provides the 
advantages of operation in s standard atmosphere and in situ monitoring. 




By camfoliy 



of a pulse, it is possible to raise (he Intensity of ccJy 

region in the center of the beam above the ablstkm oae&oM for the materia being 
machmed Because of the lack ofheatccodochmmtbopub* 
region is ablated. In this way. boles may even be laser machmed vrin diameters Less 
than the wavdengact the laser, feexmn^ 



his possible to space these holes as dose as 500nm. When the holes am drilled one by 
<Meh^cocendtothe other vrfm the sanw 
laser madmmig a series of holes, the hde ce^ 
approach mis limit. 



is drilled wins certain 
intensity is chosen so 
beam spot formed on 



certain number of laser poises. The laser 
•induced aMafioa ocean only in the central portion of 
This 
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using the same laser intensity and number of pukes on the hardened area, a new hole 
may not be drilled in the tew hardened region. Therefore the hole-drilling reliability 
and reproducibility aiffen. This issue is of particular importance hi a device, rach as a 
photonic crystal, to which a large number of ruhstarrtially identical holes placed with a 
precise sob-micron pitch are desired. 

SUMMARY OF THE INVENTION 
The present Invention provides the following: 



1. A method to dnUl a plurality of b^ 
frst pulsed laser beam, comprising the steps o£ 

a) setting apube energy of the laser beam to a first praktcrnrined level, 
selected to provide an intensity greater that an ablauoathieshrdd of the materia 
hole-drilEng portion of the laser beam; 

b) posirkniiigtho material to focus tte laser beam on onoofapuwulty of 
first Positions on a surface of the material; 

c) applying a number of pulses of the laser beam to ablate the surface, 
thereby Conning one of the plurality of botes hi die surface; 

d) repeating steps b) and c) until all of the plnnrtry of rhtt posterns ea the 
surface have one of the pturaKry ofhofcs; 

e) setting the pulse energy of the laser beam to a second predetermined 
level, selected to provide an intensity grcattr that a laser hardened ablation threshold of 
the material within the hole-drilling portton of toe laser beam; 

f) positioning tbc material to focus the laser beam on one of at kajt one 
second position on the surface, 'whereto the one second position a between two adjacent 
ones of the plurality of fast po si t ions; and 

g) applying a number of pulses of the laser beam to ablate uto surface, 
thereby firming one of the plaralfty of holes in the surface. 
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the surfecc have 0M of the plcraiiiy 0 f holes; i^cona position on 



Q jetting Ac pulse energy of the laser beam to a I 



ffrird predetermined level. 



. . , , " "~"» "*= «sw oeam on one of at 




4. Amrthodacconlmgto.itaiil.when^tfaelaserbc^hasa 




a 1, wherein the step of setting the 

^gfteseeamlpredetexmiD^levdofpal^ 
first prcdrtomined level of the pubc wagy. k 
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7. Amethodaccorcfiiigto i t m l.^bocin the stq» of setting fee 
pulse energy of the laser beam to the fist piedeternnoedln^bctadestheaepof 
setting the pulse energy to be between 1 nanqoole and 1 mimtfoulc 

8. Apparatus for drilling a pltaalgy ofholes in a material, comprising: 

mnltra^poUedUsef^chprovkleaitecrbeam; 

means, coepled to theultrafest pulsed laser, nxsettrngapidsoajergyof 
me User beam to a fiat predetermined level, selected to j^dem intensity greater fl»«t 
an ahl at fcm threshold of the material Trirhm arfll&drilling pcraoa of fee laser beam; 

is material to a firstpluraliry of 



meawfaapB^n^ammterfpolsesoftto 
sur&ce at each of me first praraKryofposi&Bisto fcnnafSistpcatknofmophaalityof 
holes in the sur&ce; 



altar setting the pnbe energy of the laser beam to a second 
rwd, selected to provide an intensity greater that a laser hardened 




secc^posifiTO is between bw adjacent 

means for applying a number of poises of the laser beam at the second 



thereby forming one of the plurality of holes in the sw&ce. 



9. Apparato method accon&g to item 8 whariathcat kast<mc 
second position includes a plniality of sccocd positions, each of the plurality of second 
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positions being between two adjacent ones of Ac plurality of first positions, the 



means for setting the poise energy of the laser beam 
predetemined level greater man the second ptedetennmed level; 



least oik third position on me surface, wherein the one ttuH poam^bd^^ of 



means for applying a number of poises of the laser beam to ablate me 
sorf« of die material at rheenelh^ 



10. Appinlia according to itao g, wheremthelaserbeamcacaiates 
tn the TEMo/j mode. 

11. Apparatus iwardtog to iteo^ 

wavelength and the energy level of the laser beam fe set to define the hole^drillmg 
portion oftlie laser beam to a diameta 




14. Apparatus tccordmgto ltw g. whorem me pulse energy of me 
laser beam b between 1 nanojode and 1 mkrojoule. 

15. A photonic crystal c empd am g a st&strate laving a plurality of 
hoks teemed by the msthod of claim L 
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16- The photonic cxystal of item 15, wharfa ^ substrate inchides a 
■eriaL 

17. The photonic oystil of it«> 15 t Mfaron the substrate incfcdes a 



18. Th* photonic cxyjfcl of it 17, wbcrehathenmlfrkyertd 
* * * asiBconli^anaasaicOTdiiaddelaya. 

19. The phrtonte crystal of it™, 15 wha«athoplnr«% ofhcdcj a a 
lmcaraa&j ofliolqandlhfljJiotonfcciyatalhacne^ 

20. Tl^photonw aysul of item 15 vrherebi thcphioEty of holes is a 
matrix of liner holes and tho photonic oystal fa a to»^imas^ I> lKJtoateay»taL 




h.rmttifffi>Tiglhaotitputcovytg-tpfixnsthela» 
positions on a surface of the material; 

applying a amber of poises of the laser hem 
oneoftheptnjaa^cfhoJesmdwsndSa^ 



tsettmgthepoIsocnerKr of tha laser 
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£ positioning the output coupler to facta the laser beam on one of at least 
ono second position on the surface, wherein the one of the at least one second position is 
between two adjacent ones of the plurality of first positions; 

g. appfyinganiimbercf pate of the later beam to ablate me smfice, 
thereby forming ono of tbc plurality of boles in the surface 

22. Amerind to drill aphrraEty ofholes m a material using an ultra- 
ftst pnlsed laser beam, comprising the steps o£ 

a) setting a pulse energy of the laser beam to a predetermined level, 
selected tt> provide an intensity grater that m ablatioa threshold of the material within a 
hole-drilling patian of the l a ser be a m; 

b) positioning the nulcrii] to focus the Laser beam oo. one of a plurality of 
first positions on a surface of the material; 

c) applying a first predetermined mwoha nfpilw af the ja m beam to 
ablate the surface, thereby forming one of the pkrafiiy of boles m the srirface; 

d) repeating steps b) and e) until all of ibepturaHty of fhstpositkmsmihe 
surface have one of the plurality ofholes; 

e) positioning the material to tocos the User beam on one ofat least one 
secaid position on Sic snrfoce, whexeia the one second position is between two adjacent 
ones of the plurality of first positions; and 

Oarjlyrogasecc^piBdrtr rm 
nrrdrtrrmiriftd nmnher. to abhta the surface, rherrhy fam^ ^ rffa. pfarHlity of 
holes in the surface. 

23. A method according to it— 72 wheran foe »t least one second 
position includes » plurality of second poskiom, each of the plurafity of second 
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A solution to this problem is an exemplary laser machining process of the 
present invention, which allows closer placement of the holes to reach sub-wavelength 
center-to-ceater hole spacing (pitch). 

The fiat step of this es*mpUry process is to separate the hole positions on 
the surface of the material sample into two groups refected so mat no two rnernbec of 
either group have a pitch less than the laser beam spot jfec Next the ptdsa energy of the 
laser beam a set to a predetermined Icrd, sckctcdtodrmbolesofthecteirtddWctcr 
in the surface. Then the jamptc is positioned so as to focus the laser beam on the 
surface at a hole position in the fitst group and a number of laser pnbes are applied to 
ablate the surface, thereby forming ahole in the snrfece. The process is repeated &r 
every hole position of the first group. 



At this point the poke energy of the laser beam is set to a second 
predetermined level, selected to drill holes of the desired diameter In the surfecc once it 
has bem laser hardened Then the sample Is positioned so as to focus the lam beam on 
the surface at a hole position in the second group and a number of pulsej of the laser 
beam are applied to ablate the surface, thereby forming a hole in. the surface. 
Alternatively, cbcpoJsc energy of the beam may be maintained at the same Icrd and a 
greater number of pulses applied to the law hardened surfcee. The process is repeated 
for every bole position of the second group. 



Another aspetf of the present invert 
tg a ptaalxrytrf holes formed 

DETAILED DESCRIPTION OF THE INVENTION 



apphotions fbr drrtting sn^ 

holes have a diameter that b less thin the wavelength of the laser beam. Currently, 
many hser material processing applications snch as the machining of photonic band gap 

irto a inatnrial sample l«fl. These holes may he fbrmed to have a diameter, djessthln 
the wavefengmoftheultr^^ laser used to driEm^ For caample, if the laser 
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used is a 775nm femtosecond laser, the holes in Figure i may have a 5C0mn diameter 
withapiteh,p,of2yin. Geome*rica%speakm & ithposiible to space these boles as 
close as SOOnm. However, when the holes are User machined, the laser hardened 

beam width, w. In the example, w is 15jim. Because the material propertieTkitL 

portions of the surface, a hole drilled at least rrtrtallywito the laser hxdenedrcpons 
« characteristics than one drilled in on unhankued 



Fignre IB illustrates an exemplary material sample in which laser 
machined hote are dosefy spaced such 

down the line, then each hole, after the first, has pan of its area, Dear Intersections 106, 
formed in a laser hardened region of the surfflce. Ujing the same exemplary laser beam 
parameters as abcn« Preference to Fuj« 1^ 




Ftgiro2fflustratcsanewaijnlaryem 
apparatus wed in the present invention. The Utra-ahort pulse laser 204, fix example a 



3 through the fatcrvenin g air or along an optical 6ber (not shown). 
Atokavmg the laser, the beam passes tlarwgh s variable Interisiry attenuator and 
strutter aaseaiUy 20* which ccat^ 

attenuator (not shown). The shutter controls the number of pulses and the variAle 
intensity attenuator ccntrob the polso energy of the beam. A half- wave pl a te and 
crossed poUrizas may form ao cawnplary variable intensity attenuator. With this 
combination, it is posstbte to select a desired laser intensity a nd numbe r of pubca to be 
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applied An exemplary embodiment of the invention uses an uhra-short puhe laser 
having a wavelength of 775nm- With the variable intensity attenuator, the pulse energy 
of the laser may be set between 1 tune-joule and 1 mkrojoule. 



The laser beam is then focused onto the surface of the sample 100 to be 
" hasalo 



aperture microscope objective, may ha employed to focnj the beam 20» onto the 
wodqriece 100. The sample 100 may be attached to a precise XYZ- translation- stage 
210 ndth nanometer resolution. By moving the XYZ sragn 21 B relative to the optical 
coupler 202, one may precisely focus the laser beam to any spot on the sample, as 
illustrated by the focused laser beam 2«8 in Figme 2. 



procedure for drilling holes with sob-v 



tod of the pies 



g apparatus of me sort iHirttraterl in Figure 2. This is at 



new drilling pattern. 



The fin* step, 5**, b to separate the posmom on material sample 100 
where holes arc to be oiined into two poups. These groups should be chosen so that do 
two holes in a given group an close enough to each other that the laser hardened region 
formed during the machining of one hdewfflowdaprrartoftho onto bole. 



is at least equal to the width of a laser hardened regkm. For a line of boles the groups 
may usually be selected by Mmiberi 

holes being one group and me odd-rannbeied hole being toe other. His contemplated 
that, ifthe holes of one gi 



At the next step 502, the poke energy oftlte laser beam u art to a level 
that provides a laser beam mtcnsitywto 

(he laser beam which is above the abMoa threshold of fee unhaidcned mufrrjnl jho 
area of the laser beam profile in which the intensity exceeds the ablation threshold is 
desirably the same as the ansa, of one of the holes to be machined. 
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Next, la the exemplary embodiment shown in Figaro S, the simple h 
positioned such that the laser beam is focused on one of the first group of hole positions 
on the sur&ceofthe sample, step 504. The sample is precisely position in the X and Y 
directions to properly position the hole cm the surrace, and in the Z direction ta foens the 
laser beam on the surtace. Itbronlenipiatedthattfaekmgw^ 
objective 10Z may be manipulated to focus md/cr position the laser beam instead. It 

nuchinhgapparata within an optical fiber ia the case when the microscope objectr/e is 
moved to poshioa the laser beam. 

A prcdctmnined number of jwlsta are to ablate tb*snifecB50<L 
The number may be calculated to introduce a desired hole-size on non-hardened area. 
Alternatively the hole drilling proccM may be monitored in tltu to ascertain when aa 



may be attained. 

The decision at step 50« cmses the previous two steps, 504 and 506, to be 
repeated until all of the holes m fbe fint£nxip have drilled. 

Once all of the first positions on the scrfecc have a hofc, the process 
moves to step 510. Tbc pulse energy of the Imct beun is set to a second level that 
provides a laser beam intensity above the ablation threshold of the laser hardened 
material. The area of the laser beam profile in which the intensity exceeds the ihhtion 
toeahold is desirably the same as the srea of one of the holes to be machined 

Neat, the smmfo t> positumedsucntltrs 



sample is positioned as in step 504. 

The a number of pulses of laser beam are then applied to ebbm the smtace 
514. The number may be calculated to mirodece ■ desired hole-size on the laser 
trarrfcned arra « rdtmratrvety tt 
to step SM. 





512. The 
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These last two steps, 512 and 514, may be repeated until all ofthe holes of 
the second group Iiave been drilled, lfthereia a third group of hole poshjons,die poke 
energy may be increased again to account ftr the material being twico-raqwsed to the 




results when employing prior drilling sequences. Ancxasplaryin^pkanefltationoftfae 
present invention, fltosriated in Figure 3, involves drilling holes 102, with femtosecond 
pulses, in substrata 300 to fabricate a photonic crystal. This substrate may be desirably 
formed of a dielectric material or amnlti4ayer stmctuns, socb as a sflkon-cra-sUfcon 
dioxide structure. The exemplary photonic crystal iUrstrated in Figure 3 has been 

square pattern- The square partem is only one possible prttem for a two-dimmrional 
photonic crystal. C)ther patterns, such as a hexagonal j>ateni,may alsobethtniedusiag 
foe present laser machining method. Ursa 
crystal structure in 
invention, id well 



in Figure 4 has had a groove 401 laser nuchmedbtotta turcica. Hm groove may be 
cut mccorftag to the present tavenricn by forming a series of sub-wavekagfo diameter 
holes having a pitcb which is a fraction of a hole diameter, so that the boles ovcriap 
i. To form such a groove, it may be desirable to 



While foe invention has been described in 
embodiment, it is amtcmpl^ 

scope ofthe upended claims. Also, it wil be understood to ooe skilled in die art that a 
mimber of other modi flcartno^ exirt whiA (to oct deviate troen foe sc^ of present 
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In conclusion, the present invention provides 

A method of hag machining using an uhrarfest pulse laser is presented. 
According to (he present invention a plurality of holes with, apitch less than fits 
wavelength of the laser are drilled into a material sample. Reliable and reproducible 

S bole drilling a accomplished through an exemplary drfflliig sequence which applies a 
number of pulses at a first pulse energy to the surface spared to avoM laser hardening of 
the surtace for adjacent holes ofa first set of holes. Next, the number of pulses is 
increased or the energy of the laser beam is increased to drill holes that are intmtmal to 
the first set of holes. The exemplary laser mschming process nuy used to produce both 

10 one-dimensional and two-rEmenslonal photonic crystals, among other applications. 



Ftgurc 1A is a top view drawing illustrating widely spaced holes and an 
associated laser hardened region on a section of laser machined sample. 



Figure 3 u a top view drawing Ohistrating an exemplary jdtotonic crystal 




Figure 4 h a top view drawing mustrating a lasermacrunedgrtxra cut in a 
section of material using an exemplary laser machimng method of the present Invention, 

Fiiurc 5 is a flowchart diagram showing an exemplary laser machining 
method of the present uxventron. 



BRIEF DESCRIPTION OF DRAWINGS 



Figure IB is atop view drawing nhistrating closely spaced holes and an 
ser hardened region on a seed on of laser machined sample 



Figure 2 Is a block diagram illustrating an aeraptflry lain- manhmmg 
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Figire5 



Separate bole 
positions on a 
surface ofa 




Set the poise energy of die 
laser beam to a 



Pulse the laser beam to 
2 twilp in the surface 



On the s nrfao * 



Paarion die material to 
focus d* laser beam on a 
paaDaacfAeBatgpjap 



Sec die puke energy of d* 
laser beam loisecood 
d level 



"7^ 



Position the material to 
focus the laser beam on a 
posiooa of the second group 



17 



Puke the laser beam to ablate 
die surface, (tjotngahdem 
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1. Abstract 

A method of laser machining using an ultra-fast pulse laser is presented. 
According to the present invention a plurality of holes with a pitch less than the 
wavelength of the laser are drilled into a materia! sample. Reliable and reproducible 
hole drilling is accomplished through on exemplary drilling sequence which applies a 
number of pulses at a first pulse energy to the surface spaced to avoid laser hinkningof 
the surface for adjacent holes of a first set of holes. Next, the number of pukes is 
increased or me energy of the laser beam is mexcased to drffl bote that 
the fust set of holes. The exemplary laser nuchmkgprc^easinay used to produce both 



2. Representative Drawing 



Figure 5 



